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Background. A total of 738 volunteer blood donors who were positive for anti-hepatitis C virus (HCV) were assessed for risk factors and outcomes for up to 15 years within the study and up to 54 years from the estimated onset of infection.
Methods. A third-generation recombinant immunoblot assay (RIBA) was performed to distinguish true from false anti-HCV reactivity. Findings of HCV polymerase chain reaction classified subjects as having chronic HCV infection or as having recovered. Liver biopsy specimens were staged by Ishak fibrosis score and graded by histologic activity index.
Results. Of 738 anti-HCV-positive subjects, 469 (64%) had positive RIBA results, 217 (29%) had negative results, and 52 (7%) had indeterminate results. Primary independent risk factors were injection drug use (odds ratio [OR] , 35.0; P < .0001), blood transfusion (OR, 9.9; P < .0001), and intranasal cocaine use, including 79 "snorters" who repeatedly denied injection drug use or blood transfusion (OR, 8.5; P < .0001). Classification and regression tree and random forest analyses confirmed these risk factors. A total of 384 RIBA-positive donors (82%) were HCV RNA positive; of these, liver biopsy specimens from 185 (48%) showed no fibrosis in 33%, mild fibrosis in 52%, bridging fibrosis in 12%, and cirrhosis in 2% a mean duration of 25 years after infection. Analysis of 63 repeat biopsy specimens showed that 8% progressed ≥2 Ishak stages over 5 years (mean progression, 0.06 Ishak stages/year).
Conclusions. Injection drug use and blood transfusion before 1990 are dominant risk factors for HCV acquisition; intranasal cocaine use may be a surreptitious route of parenteral spread. After a mean of 25 years of HCV infection, histologic outcomes were relatively mild: 85% had no or mild fibrosis, and only 2% had cirrhosis. Nearly one-fifth spontaneously recovered.
While the frequency of new hepatitis C virus (HCV) infections in the United States has declined considerably in the past decade, the disease burden from cumulative infections over the past 50 years is substantial and is rising, as the long duration of individual infections allows evolution into cirrhosis and hepatocellular carcinoma (HCC) [1, 2] . The full spectrum of HCV-related outcomes is difficult to discern because milder disease often goes unrecognized, and slowly evolving chronic sequelae generally are not amenable to prospective ascertainment. The introduction of routine donor screening for antibody to HCV in 1990 afforded the opportunity to place otherwise unselected subjects into long-term follow-up to assess (1) the proportion of HCV-infected individuals who become chronic carriers, (2) the risk factors for HCV acquisition, (3) the long-term outcomes based on findings of liver histologic evaluations, and (4) the relationship of liver fibrosis to a variety of demographic, virologic, serologic, and biochemical indices. This cohort of anti-HCV-positive blood donors was previously analyzed in 1995 [3] . Reported herein is a further decade of data accrual, allowing for up to 15 years of follow-up within the study and a mean interval of 25 years from the time of a parenteral exposure that presumably initiated the infection to the time of liver biopsy.
METHODS

Screening and Confirmation of HCV Infection
At study initiation, a first-generation enzyme immunoassay (EIA) was used by the American Red Cross (ARC; EIA1.0; Ortho Diagnostics, Raritan, NJ) and the National Institutes of Health (NIH) (EIA1.0; Abbott Laboratories, Abbott Park, IL) to screen donated blood for HCV antibodies. A more sensitive second-generation EIA (EIA2.0; Ortho Diagnostics and Abbott Laboratories) was introduced in 1992. The specificity of anti-HCV-positive reactions was tested by second and/or third-generation recombinant immunoblot assays (RIBA HCV 2.0 SIA; Chiron, Emeryville, CA) [4] . Donors who were RIBA positive were considered to have confirmed antibody to HCV and, thus, to have been infected with HCV. Donors who were RIBA negative were considered to have false-positive antibody reactivity by EIA and, thus, not to have been infected with HCV. The HCV antibody status of donors with an indeterminate result of RIBA could not be determined, and donors with this result underwent testing for HCV RNA but were otherwise excluded from analysis.
At least 1 sample from each participant was tested in duplicate for HCV RNA, using reverse-transcription polymerase chain reaction (PCR; COBAS Amplicor HCV Test, version 2.0; Roche, Branchburg, NJ; limit of detection, 100 IU/mL) [3] . Quantitative serum HCV RNA levels were measured by the COBAS Amplicor HCV Monitor Test, version 2.0 (Roche), and genotyping was performed by the INNO-LiPA 2.0 assay (Innogenetics, Ghent, Belgium). Samples that were obtained prior to licensure of these PCR assays were retrieved from frozen storage for later testing.
Enrollment of Participants
Volunteer blood donors from the Greater Chesapeake and Potomac Region of the ARC and from the NIH Department of Transfusion Medicine who tested anti-HCV positive on replicate testing and provided informed consent were enrolled beginning in August 1990. The study protocol was approved by the ARC and NIH institutional review boards and has been reviewed annually.
Initial Evaluation and Follow-up
On the initial visit, the donor was interviewed by a physician, who completed an extensive questionnaire that recorded demographic characteristics, blood donation history, sexual history, and past medical history, including assessments of alcohol use, illicit drug use, and other potential risk factors for HCV infection. Participants completed a second questionnaire in private about illicit drug use. A physical examination was performed, and samples for biochemical and hematologic blood tests were obtained at baseline. A physician performed an interim history and physical examination annually, and laboratory testing was repeated biannually for the duration of study. RIBA-positive subjects continue to be followed up in this ongoing study; donors who were repeatedly RIBA negative and HCV RNA negative were discharged from the study after 6-12 months of follow-up because they were considered to have been unexposed to HCV and to have had false-positive results of EIA.
Histologic Evaluation of Liver Biopsy Specimens
Biopsy specimens were obtained from 185 HCV RNA-positive, treatment-naive participants. All specimens were read by the same hepatic pathologist (D.E.K.) without knowledge of the patient's clinical history. A biopsy specimen was considered adequate if it contained >10 portal tracts. The extent of liver fibrosis was scored from 0 to 6, using the Ishak fibrosis scale (0 = no fibrosis, 1-2 = portal fibrotic expansion, 3-4 = bridging fibrosis, and 5-6 = cirrhosis) [5] . Necrosis and inflammation were graded using a modification of the histologic activity index (HAI) on a scale of 0-18 [6, 7] .
Mortality Follow-up
Vital status, date of death, and cause-specific mortality from 1990 through 2005 were obtained by searching the National Death Index (National Center for Health Statistics, Hyattsville, MD).
Statistical Analysis
Analyses were performed with standard statistical packages (SPSS v15.0 for Windows, SPSS, Chicago, IL; SAS v9.2, SAS Institute, Cary, NC). Only data collected prior to HCV treatment were included. Associations between categorical variables were assessed with the unadjusted χ 2 statistic or a 2-tailed Fisher exact test. Univariate analysis of variance was used to assess associations between continuous variables and group status. When normality could not be assumed, the Kruskal-Wallis test was used. The Bonferroni method was used to adjust for multiple comparisons. When an a priori order in the group status was assumed, the Jonckheere nonparametric test for trend was used, with a 2-sided P value. For comparisons of proportions to population proportions, the exact binomial test was used.
A multivariate logistic regression model was used for analysis of risk factors. A forward selection method with a significance level of 0.05 for entry was used, and odds ratios (ORs) with 95% confidence intervals were calculated based on the profile likelihood. Subjects who were EIA positive but RIBA negative and HCV RNA negative were used as controls in the risk factors analysis. Results of the forward logistic regression analysis were confirmed using backward and stepwise selection methods. Classification and regression tree (CART) and random forest analyses were used to confirm the findings of logistic regression and were performed with R statistical computing language.
RESULTS
Enrollment, Demographic Characteristics, and RIBA Status
Seven hundred and thirty-eight anti-HCV-positive blood donors were enrolled: 692 (94%) were enrolled from the ARC, 36 (5%) were enrolled from the NIH, and 10 (1%) were enrolled from other blood centers. Demographic data on 1 040 713 blood donors who donated at the ARC between 1990 and 2005 were compared with the 692 ARC donors enrolled in the study. The populations had a similar sex distribution, but study participants were older (41.4 vs 38.0 years; P < .01), more likely to be African American (14% vs 8.9%; P < .01), and less likely to be first-time donors (23.8% vs 76.5%; P < .01).
Demographic data on 14 400 NIH volunteer blood donors who donated during the study period were compared to data for the 36 who were enrolled. Enrolled donors were similar with respect to sex and African American race (13.9% vs 6.5%; P = .16), were younger (41.9 vs 49.0 years; P < .01), and were less likely to be first-time donors (13.9% vs 80.1%; P < .01). Study participants from the ARC and the NIH were compared, and there were no differences in sex, age, African American race, or first-time donor status.
Among anti-HCV-positive blood donors, 469 (64%) were positive by the third-generation RIBA, 217 (29%) were negative, and 52 (7%) had indeterminate results. Characteristics of RIBA-positive and RIBA-negative individuals are compared in Table 1 .
Risk Factors Analysis
Independent risk factors for HCV infection in the multivariate logistic regression analysis (Table 2) included, in order of entry into forward and stepwise logistic regression models, intranasal cocaine use (OR, 6.4; P < .0001), blood transfusion prior to 1991 (OR, 9.9; P < .0001), history of injection drug use (IDU; OR, 35.0; P < .0001), sexual promiscuity (>5 partners/year, history of sexually transmitted disease, exchanging sex for drugs or money, or a combination of these factors; OR, 2.3; P < .001), ear piercing (OR, 1.8; P < .01), and occupational exposure to human blood (OR, 3.8; P = .018). Ear piercing was a significant risk factor in 70 (28%) of 253 RIBA-positive men (P < .0001) but not in women.
Among 292 RIBA-positive subjects who snorted cocaine, 213 (73%) also reported a history of IDU or blood transfusion prior to 1991; 79 (27%) who snorted cocaine repeatedly denied IDU or other parenteral risk factors both in personal interviews and on a questionnaire. Among 70 men who had ear piercing as a risk factor, 67 (96%) had also snorted cocaine, had received a blood transfusion prior to 1991, had a history of IDU, or had a documented needlestick exposure to human blood.
The CART analysis identified the same risk factors for HCV infection and in the same order of importance as did the forward, backward, and stepwise logistic regression methods, except that CART did not identify occupational exposure as an important variable. Random forest analysis confirmed the importance of the risk factors identified by logistic regression; occupational exposure and sex were ranked as least important. CART and random forest analyses confirmed findings of the subset analyses of 361 subjects, presented in Table 2 .
Survey of Intranasal Cocaine Use
Six hundred and ninety-two donors completed a detailed survey on cocaine use. Of 273 RIBA-positive subjects who used intranasal cocaine, 236 (86%) had shared straws or other snorting devices, 87 (32%) had experienced epistaxis during or after intranasal use, and 67 (25%) observed epistaxis in others with whom they were sharing materials. Longer duration of intranasal cocaine use was associated with positive RIBA results (P = .01) but not with detection of HCV RNA. Intranasal cocaine use was a significant independent risk factor for HCV infection, whether analyzed in the entire population (P < .0001) or in the subset of 79 who snorted cocaine but denied IDU and blood transfusion (P < .0001; Table 2 ). The longest interval of RIBA-positive, HCV RNA-negative status documented in this study was 9.7 years. Patients who were RIBA positive, HCV RNA negative on at least 2 occasions were presumed to have been exposed to HCV and spontaneously recovered. All 217 RIBA-negative donors and 52 persistently RIBA-indeterminate donors tested negative for HCV RNA. Among RIBA-positive subjects, age, sex, and race were not significantly different between those who were HCV RNA positive and those who were HCV RNA negative: mean age, 40.2 versus 38.6 years (P = .18), male sex, 54% versus 53% (P = .81), and white race, 78% versus 85% (P = .19). At the time the database was frozen for analysis, 257 of 384 HCV RNA-positive subjects (67%) were still being actively followed; 95 (37%) were treated for HCV infection. Since this was a natural history study, outcomes in these patients were only analyzed up to the time that treatment was initiated.
Among 258 HCV RNA-positive repeat blood donors, 65% were donating potentially HCV-infected blood for >10 years, and 42% had donated ≥10 times.
ALT Levels and Clinical Liver Disease in HCV RNA-Positive Subjects
Elevated alanine aminotransferase (ALT) levels were found at initial evaluation in 214 HCV RNA-positive subjects (56%). Over an average follow-up of 5.7 years, the mean ALT level was 62 U/L (range, 13-344 U/L), compared with 22 U/L in 354 among HCV RNA-negative subjects (P < .001). Fiftyseven HCV RNA-positive subjects (15%) had persistently normal ALT levels; 7 (12%) underwent biopsy, with all having an Ishak fibrosis score of ≤ 1. The pattern of mean ALT level elevations is shown in Table 3 .
Fifty-one of 384 HCV RNA-positive patients (13%) had physical signs of chronic liver disease: icteric sclerae was detected in 6, spider angiomata in 40, collateral venous circulation in 1, palmar erythema in 9, splenomegaly in 2, and encephalopathy in 1; none had ascites.
Extent of Liver Disease at Biopsy
On initial liver biopsy of 185 chronically infected subjects, 61 (33%) had no fibrosis, 97 (52%) had mild fibrosis, 23 (12%) had bridging fibrosis, and 4 (2.2%) had cirrhosis ( Figure 1) . One patient developed HCC. Associations with liver fibrosis are shown in Table 4 . Both age at infection and duration of HCV infection were extrapolated from the reported date of probable exposure, specifically, blood transfusion prior to 1991, the first year of IDU, or the date of a well-defined needlestick exposure; 125 (69%) of 185 biopsied patients had these defined risk factors. On the basis of these risk exposures, the mean age at the onset of HCV infection was 21 years (range, birth to 59 years), and the mean duration between infection and the last liver biopsy specimen obtained in the study was 25 years (range, 9-43 years). Within this time frame, the duration of infection was not associated with increasing severity of fibrosis. Sex, race, education level, alcohol use at the time of HCV diagnosis, and total peak alcohol use were not significantly associated with the stage of fibrosis; body mass index was positively correlated with worsening fibrosis (P = .005; Table 4 ). Patients with bridging fibrosis or cirrhosis had higher HAI scores than those with mild or no fibrosis (P < .001). Elevated levels of serum markers of liver inflammation were highly associated with increasing stage of fibrosis (ALT and aspartate aminotransferase levels, P < .002; lactate dehydrogenase level, P = .010). The alpha-1 fetoprotein level was only significant when one patient who developed HCC was included (P = .006).
Among biopsied patients, 182 (98%) were genotyped, and 136 (76%) were genotype 1; 111 (60%) of biopsied patients had quantitative HCV RNA load measured, with a mean level of 3.32 × 10 6 copies/mL (range, 1.14 × 10 3 to 4.81 × 10 7 copies/ mL; median, 1.20 × 10 6 copies/mL). Neither genotype nor HCV load were associated with a more severe stage of liver fibrosis.
Extent of Liver Disease at Repeat Liver Biopsy
Sixty-three patients (34%) underwent a second biopsy after a mean interval of 4.6 years between biopsies. Over that interval, 21 (33%) had fibrosis that increased by at least 1 Ishak stage (5 increased by at least 2 stages), 34 (54%) had no change, and 8 (14%) showed a decrease of ≥1 Ishak stage (Figure 2 ). The Figure 1 . Stage of liver fibrosis among 185 hepatitis C virus (HCV)-positive patients undergoing initial liver biopsy. After a mean of 25 years based on the interval since a known parenteral exposure, 85% had no or minimal fibrosis, 2% had cirrhosis, and 12% had bridging fibrosis that might progress to cirrhosis. b Persistently normal in 57 of 127 donors (45%). Of these 57, 7 (12%) underwent biopsy, with none having severe fibrosis.
c There is a significant trend of increasing HAI with increasing ALT group.
d There is a significant trend of severe fibrosis with increasing ALT group.
mean progression rate between biopsies was 0.06 Ishak stages per year (0.28 for patients whose fibrosis increased).
Treated Versus Untreated HCV RNA-Positive Subjects
Among 384 HCV RNA-positive subjects, 95 (25%) were treated with interferon with or without ribavirin, or with pegylated interferon plus ribavirin. Compared with those who were not treated, subjects who received treatment were of similar age (40.2 vs 40.1 years; P = .97) and similar sex (48% vs 56% were male; P = .18). However, subjects who received treatment were more likely to be white (89% vs 74%; P < .01) and had a higher mean ALT level (78.5 vs 56.4; P < .01). Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGTP, γ-glutamyl peptidase; HAI, histologic activity index. a For 125 subjects, inferred from the date of blood transfusion, the first year of injection drug use, or the date of a well-defined needlestick exposure.
b P = .024 after excluding data for 1 study subject, who had hepatocellular carcinoma.
When liver histologic findings were compared between biopsied subjects who were and those who were not treated, treated subjects had a higher mean Ishak fibrosis stage (1.65 vs 0.87; P < .01) and HAI (7.90 vs 6.64; P < .01).
Mortality
From 1990 to 2005, there were 28 deaths (4%) in the total study population, and 22 (79%) of those who died were HCV RNA positive (OR, 3.5; P < .01). The mean age at death was 51 years. Among those chronically infected with HCV, only 2 (9%) died from liver-related causes, one from HCC and the other from complications of cirrhosis.
DISCUSSION
Informed decisions for the treatment of chronic HCV infection require knowledge of the natural history of the disease because the key issue is not which drug or dosage to use, but whether treatment is indicated. Given that current treatments are arduous, expensive, and fraught with adverse events, and given that fibrosis progression is neither linear nor inevitable, one has to balance the probability of disease progression against the near certainty of deleterious drug-induced side effects. Early retrospective studies overestimated the severity of chronic HCV infection by focusing on those with established chronic liver disease while excluding the much larger number of silent infections [8] [9] [10] . This study prospectively followed asymptomatic individuals found to be anti-HCV positive at the time of blood donation. Although the study is biased by limiting enrollment to volunteer blood donors, we believe it provides a valid model for assessing transmission patterns in low-risk populations, the rate of spontaneous recovery in immunocompetent individuals, and the long-term outcomes of HCV infection. Epidemiologic comparisons between RIBA-positive and RIBA-negative (EIA false-positive) controls demonstrated striking differences. Although all donors denied IDU at the time of donation, in subsequent private interviews with a physician, 41% of RIBA-positive donors admitted to IDU at some point in their life, compared with only 1% of RIBA-negative controls; none were current drug addicts. Thus, even in a presumed low-risk population, IDU was the greatest risk factor for HCV acquisition, with an OR of 35.0 (P < .0001). Unexpectedly, intranasal cocaine use was an additional strong independent risk factor in a multivariate logistic regression analysis and in CART and random forest analyses. Although intranasal cocaine use often overlapped IDU, there were 79 RIBA-positive subjects who snorted cocaine and repeatedly denied IDU or blood transfusion, and cocaine snorting remained a strong independent risk in this subset (OR, 8.5; P < .0001). Although one can never be certain of the veracity of IDU denial, there is plausibility to the concept that cocaine snorting might transmit HCV, in that (1) 86% of those who snorted admitted to the shared use of snorting devices, a previously implicated risk factor [11, 12] ; (2) cocaine is known to denude mucous membranes, allowing direct access to blood vessels; (3) HCV RNA has been detected in nasal secretions [13] ; (4) approximately 30% of subjects who snorted either experienced or observed nosebleeds during shared intranasal cocaine use; and (5) anti-HCV positivity was significantly associated with the duration of cocaine use. Thus, intranasal cocaine use may be a covert parenteral route of viral transmission, a route that might be applicable to human immunodeficiency virus and hepatitis B virus infection, as well as to HCV infection.
Over a mean interval of 25 years from onset of infection to liver biopsy, only 14% had severe histologic outcomes, and only 2% had cirrhosis; 85% had no or minimal fibrosis. Other studies have shown a similarly low proportion of severe histologic outcomes during the first 2-3 decades of HCV infection [14] [15] [16] [17] . Further, this low incidence of severe outcomes is a worst-case scenario because biopsied patients had higher average ALT levels than nonbiopsied subjects, as there was reluctance to biopsy the approximate 30% who had normal or low-level ALT elevations. Thus, although this study has a selection bias based on the propensity to biopsy and treat those with the most severe clinical or biochemical profiles, this bias would be in the direction of observing more severe histologic outcomes rather than the relatively mild outcomes actually Figure 2 . Fibrosis progression among 63 hepatitis C virus (HCV)-positive patients undergoing repeat liver biopsy. After a mean interval between biopsies of 4.6 years, 54% showed no change in interval biopsies, 14% showed lessened fibrosis, and 33% showed increased fibrosis by at least 1 stage; 5 (8%) increased by ≥2 stages.
observed. If subjects with spontaneous recovery (15%) are factored into the outcome analysis, the number of acutely infected patients who progress to severe outcomes would be proportionately less. However, there is a further caveat to this outcome analysis. Despite a mean duration of follow-up of 25 years between the time of probable exposure and the time of the last available biopsy, patients biopsied in this study were still relatively young and had not reached the 30-40-year disease duration that seems critical to fibrosis progression in HCV infection [18] . Indeed, the histologic progression observed between 5-year-interval biopsies in one-third of our patients portends worse outcomes for some in the ensuing decades. Nonetheless, it is probable that those who have shown no or little fibrosis progression over 25 years will have a nonprogressive or slowly progressive course that will provide time for more effective and safer therapies to emerge and induce sustained virologic responses that appear tantamount to cure [19] . Clearly, a subset of patients will have progressive histologic deterioration either because treatment was not accessed or because antiviral therapy failed to achieve a sustained virologic response. Identification of silent HCV carriers and access to treatment remain major public health hurdles, but among treated subjects the number who will not achieve a sustained virologic response has been reduced dramatically with the recent licensure of protease inhibitors [20, 21] . Since the majority of HCV-infected individuals will not be treated in the near term, continued long-term follow-up is critically needed to provide better estimates of clinical and histologic outcomes after ≥3 decades of HCV infection, although one small study has shown relatively benign outcomes even after a mean observation period of 45 years [22] . Although the prognosis for the individual patient with HCV infection can be increasingly optimistic, the global burden of this disease is staggering on the basis of the sheer magnitude (estimated 100 million) of those who are already chronically infected.
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